Abstract The blood-brain barrier (BBB) is a highly specialized structural and functional component of the central nervous system that separates the circulating blood from the brain and spinal cord parenchyma. Brain endothelial cells (BECs) that primarily constitute the BBB are tightly interconnected by multiprotein complexes, the adherens junctions and the tight junctions, thereby creating a highly restrictive cellular barrier. Lipid-enriched membrane microdomain compartmentalization is an inherent property of BECs and allows for the apicobasal polarity of brain endothelium, temporal and spatial coordination of cell signaling events, and actin remodeling. In this manuscript, we review the role of membrane microdomains, in particular lipid rafts, in the BBB under physiological conditions and during leukocyte transmigration/diapedesis. Furthermore, we propose a classification of endothelial membrane microdomains based on their function, or at least on the function ascribed to the molecules included in such heterogeneous rafts: (1) rafts associated with interendothelial junctions and adhesion of BECs to basal lamina (scaffolding rafts); (2) rafts involved in immune cell adhesion and migration across brain endothelium (adhesion rafts); (3) rafts associated with transendothelial transport of nutrients and ions (transporter rafts).
Introduction
The term blood-brain barrier (BBB) refers to the structurally and functionally unique microvasculature of the central nervous system (CNS) parenchyma. While the initial description of the BBB defined its physical barrier characteristics by its ability to restrict diffusion of watersoluble acidic dyes from the blood to the CNS parenchyma and vice versa [1] [2] [3] , contemporary morphological definition(s) of the BBB have refined this concept and allowed for a physical extension of the BBB from the capillary beds to microvascular structures of the postcapillary venules. This morphological definition of the BBB arises from the combination of functional, cellular, and molecular studies which demonstrate that CNS microvessels, whether capillaries or postcapillary venules, are structurally and functionally distinct from microvessels in other organs. These differences include (1) the presence of vesselassociated pericytes, (2) two dense and compact basement membranes, (3) astrocytic foot processes ensheathing CNS vascular endothelium, and (4) the unique molecular composition and complexity of CNS microvessel tight junctions.
The BBB controls the diffusion of ions and toxic molecules into the CNS [4] , while providing nutrients through expression of BBB-specific transporters, such as glucose transporter 1, sodium/glucose cotransporters, and transferrin receptor [4] . Intercellular junctional complexes between brain endothelial cells (BECs), namely tight junctions (TJs) and adherens junctions (AJ), provide endothelial polarity in addition to high transendothelial electrical resistance (TEER) and restrictive permeability [5] . Pericytes and perivascular astrocytes, through complex communications and signaling events with BECs, induce BBB properties and promote TJ maintenance, specialized transporter expression, and immune quiescence of BECs [4, [6] [7] [8] [9] [10] [11] [12] [13] . In the current review, we make use of the term BBB to include molecular and functional events, which occur at the level of the highly specialized capillaries and of postcapillary venules of the CNS.
Lipid rafts are dynamic plasma membrane microdomains associated with membrane compartmentalization, actin rearrangements, and plasma membrane receptor-mediated signaling events [14] [15] [16] [17] . The first experimental line of evidence for biological lipid rafts came from observations made using epithelial cells in which glycosphingolipids trafficked to the apical membrane of polarized epithelial monolayers [18, 19] . Subsequent studies demonstrated that membrane clusters of glycolipids were insoluble in detergents at 4°C, forming detergent-resistant membranes (DRMs). These observations, and others, have led to the lipid raft hypothesis, which states that lipid (or membrane) rafts, structurally defined as 10-200-nm structures, are heterogeneous and highly dynamic biological membrane microdomains enriched in cholesterol and sphingolipids [14, 16] . A wide variety of proteins are known to be targeted to lipid rafts and raft microdomains have thus been associated with a wide range of biological processes, including endocytosis, signal transduction [20, 21] , apoptosis, cell polarization [22, 23] , adhesion, migration, synaptic transmission, and cytoskeleton tethering [15] . Although lipids rafts have been extensively studied in T cell activation and migration [20, 22] , junctional proteins, adhesion molecules, and transporters can be physically located into lipid raft membrane microdomains of human and mouse BECs, and their expression and localization are regulated by inflammatory and glial-derived factors. In this manuscript, we will review the role of raft microdomains in BBB maintenance and during leukocyte transmigration processes.
Evidence for functionally distinct membrane rafts
The plasma membrane of eukaryotic cells is composed of a complex mixture of membrane proteins and lipid molecules, including glycerophospholipids, sterols, and sphingolipids. Glycerophospholipids tend to adopt a mobile loosely packed fluid phase while sterols and sphingolipids possess distinct biophysical properties and readily group tightly together in a more ordered state. The differential lipid packing abilities lead to phase separation and to the organization of sphingolipid-and cholesterol-rich membrane microdomains, commonly referred to as rafts [14, 16, 18, 24] .
Experimental studies have demonstrated that membrane clusters of glycosphingolipids and sterols were insoluble in detergents at 4°C and form DRMs that can be isolated by ultracentrifugation in a sucrose gradient. These observations have led to the lipid raft hypothesis that defines lipid rafts as heterogeneous nanostructures enriched in cholesterol and sphingolipids [14, 16] . While most of these lipid raft isolation protocols [25] have been performed using Triton X (TX)-100 at 4°C [25, 26] , many other detergents have also been used to prepare DRMs, including Lubrol [27] , Brij-58, Brij-96, Brij-98 [28] , NP40, CHAPS, and octylglucoside [25, 29] . Nondetergent fractionation methods have also been used to isolate membrane rafts and likely reproduce more accurately the in vivo protein oligomerizations that occur in microdomains [30, 31] . As a result, the lipid, cholesterol, and protein compositions within DRMs can vary between raft preparations, giving rise to biophysically diverse rafts. However, the heterogeneity of the lipid rafts, in addition to being an outcome of detergent selectivity, may also represent the underlying diversity of lipid and protein compositions. This could in turn reflect the intrinsically different functions attributed to membrane rafts.
A wide variety of proteins are targeted to lipid rafts, notably, but not exclusively, via fatty acylation (myristate and palmitate modifications) and glycosylphosphatidylinositol (GPI) anchors. Small rafts may be stabilized to form larger platforms through protein-protein or protein-lipid interactions. The raft microdomains have thus been associated with a wide range of biological processes, including endocytosis, signal transduction [21] , apoptosis, adhesion, migration, synaptic transmission, and cytoskeleton tethering [15] . In addition, the existence of distinct lipid constituents within membrane microdomains is important for cellular polarization [22] . Apically, the membrane is enriched in glycosphingolipids and sphingomyelin, favoring the targeting of GPI-anchored proteins. Conversely, proteins important for contacting neighboring cells and the underlying connective tissue are confined to the basolateral membrane, suggesting the presence, within individual cells, of functionally different membrane domains [32] . Segregation of functionally diverse microdomains is an attractive notion that would allow the clustering of molecules serving similar purposes together in order to optimize efficient intracellular signaling. These observations also suggest that membrane rafts have an active role in asymmetric redistribution of membrane proteins during cell migration. Compartmentalized lipid rafts have been described in leukocytes, and most research has focused on membrane raft function during lymphocyte migration [33, 34] . In endothelial cells (ECs), lipid membrane rafts also exist but their role and function are still not well defined [35] .
A specialized subset of rafts known as caveolae, defined as small cave-like surface invaginations of 50-100 nm in diameter, has been shown to mediate vesicular transport and sophisticated cell signaling. Caveolin-1, the main protein component of these structures, functions as a scaffolding protein and as a potential cholesterol sensor, regulating raft polymerization and lipid trafficking [36, 37] . Unlike lipid rafts, caveolae are not present in all cell types but are found abundantly in ECs and aid in regulating numerous endothelial functions such as transcytosis, vascular permeability, angiogenesis and can serve as docking sites for glycolipids and GPI-linked proteins, as well as for various receptors and signaling molecules [38] . In addition, due to their similar biophysical properties, caveolae represent a subset of the DRM population and can be further purified using magnetic beads coupled to caveolin-1 antibodies [39] .
Elegant studies by Barreiro et al. have shown that tetraspanin-enriched membrane microdomains, different from lipid rafts, may be crucial for EC function by acting as adhesion and signaling structures [40] . Tetraspanin platforms are formed by external homophilic and heterophilic interactions and intracellular associations with signaling proteins and adhesion molecules [41, 42] . The tetraspanins are a group of membrane-spanning molecules and are reported to form an integral part of the leukocyte docking structure or transmigration cup [40, 43] . CD9 (tetraspanins) is proposed to form an integral web linking cell adhesion molecules (CAMs) such as intercellular CAM-1 (ICAM-1) to vascular CAM-1 (VCAM-1) via its extracellular domain and help organize a plasma membrane signaling platform. Even though tetraspanins have been associated with leukocyte-EC interactions, the exact role(s) and function(s) of tetraspanins in ECs in health and disease remain to be established.
Raft microdomains and the BBB
The role of membrane microdomains in ECs has only recently been recognized as an important part of many vascular processes. Isolation of lipid rafts from human primary cultures of BECs has been performed using different techniques and detergents [8, 31] . Figure 1 shows different raft isolation preparations using four distinct mild detergents and illustrates variability with regard to the concentration of cholesterol, caveolin-1, and GM-1, all markers used to identify rafts. By using these protocols, BEC-derived DRMs enriched in caveolin-1 also incorporate TJ proteins, integrins, specific transporters, and CAMs. We thus propose a classification of BEC lipid rafts based on the function of molecules found in these membrane compartments: (1) rafts associated with interendothelial TJ formation and EC adhesion to the basal lamina (scaffolding rafts), (2) rafts involved in immune cell adhesion and recruitment across EC barriers (adhesion rafts), and (3) rafts associated with transendothelial transport activity (transporter rafts).
Scaffolding rafts
TJs consist of at least three known types of transmembrane proteins, occludin, claudins, and the junctional adhesion molecules (JAMs) [4, 5, 44, 45] . Overall, the expression levels of TJ proteins have been found to decrease in many neurological disorders that are characterized by loss of BBB permeability integrity, such as in multiple sclerosis (MS) [8, [46] [47] [48] . AJs of BECs are primarily composed of vascular endothelial cadherin (VEcadherin), which interact with intracellular proteins, including the different catenin isoforms (α-, β-, γ-catenin) and ZO-1 to create the association with the actin cytoskeleton [49] [50] [51] [52] [53] [54] .
In order to maintain a stable and tight functional barrier, scaffolding rafts serve to regulate integrin-mediated attachment to the basal lamina, as well as TJ-and AJ-mediated cell-cell association [55, 56] . Both AJs and TJs are important for the regulation of paracellular permeability of ions, solutes, and nutrients and both junctional complexes localize, at least in part to membrane rafts. Nusrat et al. first proposed that TJ molecules of epithelial cells were enriched in lipid raft membrane microdomains. By using the T84 intestinal epithelial cell line and TX-100 raft isolation procedures, occludin and ZO-1 were found to be significantly increased in the insoluble fractions compared to the non-raft-soluble fractions [57] . This functional membrane raft idea was adopted by others and recent publications confirmed the close association of membrane rafts with various TJ and AJ proteins in both endothelial and epithelial cells [58, 59] . Figure 2a shows examples of TJ proteins found in DRMs of human primary cultures of BECs, isolated using Brij-58 and sucrose gradient centrifugation.
Distribution of TJ proteins to lipid rafts can occur via specific posttranslational fatty acid modifications. Inhibition of palmitoylation, required for optimal claudin function, inhibits claudin enrichment into DRM domains and leads to a decrease in TJ barrier function [60] . Using a novel detergent-free OptiPrep density-gradient method to fractionate rat cerebral microvessels, McCaffrey and coworkers observed TJ proteins in isolated raft fractions and found that the molecular weights of claudin-5, ZO-1, and occludin contained in rafts were twice as large as the predicted weights. This suggests that raft microdomains could be an environment in which TJ oligomerization occurs [30, 31] . Other studies show that alterations in caveolin-1 expression induces alterations of the TJ and AJ complexes [36, 61] and caveolin-1 knockout mice suffer from microvascular hyperpermeability [62] . Song and colleagues [36] observed that caveolin-1 knockdown in BECs induced a shift in occludin, VE-cadherin, and β-catenin subcellular distribution from the DRM to the soluble fraction along with an increase in endothelial permeability. Taken together, these data demonstrate that specialized rafts contribute to barrier permeability through clustering of TJ and AJ proteins.
Several chemicals, described to affect cholesterol synthesis or availability, are known to modulate raft integrity. Modulation of cell membrane cholesterol by treating cells with the cholesterol chelator methyl-β-cyclodextrin (MβCD) induces an initial rise and subsequent fall in TEER measures, associated with actin redistribution and reduced membrane expression of occludin and ZO-1 [63, 64] . Moreover, it has been demonstrated that MβCD treatment leads to specific displacement of occludin, claudin-3, claudin-4, claudin-7, and JAM-A out of the Lubrol WX-resistant lipid rafts and coincides with a decrease in TJ integrity [65] . Nusrat et al. reported that cholesterol-lowering agents, such as HMG-CoA reductase inhibitors (i.e., statins), induced the mobilization of occludin outside of the raft compartment in epithelial cells [57] . In the human in vitro system, however, statins were shown to decrease BBB permeability without altering subcellular localization of occludin, JAM-A, VE-cadherin, ZO-1, or ZO-2 [66] . This suggests that protein localization into rafts is not uniquely regulated by cholesterol concentration and that additional effects of statins, unrelated to their cholesterol-lowering effects might account for these discrepancies. In that sense, we and others have shown that the barrier-promoting effect of statins was dependent on their induction of geranylation and independent of the cholesterol concentration [66, 67] .
TJ enrichment within membrane rafts is positively influenced by astrocyte-secreted angiotensin metabolites and is negatively regulated by proinflammatory cytokines [8] . Similarly, additional proteins secreted by astrocytes can Fig. 1 Use of different detergents to isolate cholesterol-enriched microdomains from human primary cultures of BECs. Four detergents were used to optimize cholesterol-enriched DRM isolation from primary cultures of human BECs. Following treatment of the cells with the detergent, membrane microdomains were separated by sucrose-density centrifugation, as described in Wosik et al. [8] and Cayrol et al. [99] . Cholesterol and phospholipid concentrations, as well as GM-1, caveolin-1, and CD59, were used to identify raft fractions by Western blot. JAM-1 is shown as an example of a tight junction protein expressed in the raft fraction and its modulation according to the detergent used. A detailed protocol of raft preparation is available in the "Supplementary material" section modulate the BEC-TJ microdomains, such as the chemokine CCL2 acting via its receptor CCR2 [68] . MCP-1 was reported to induce changes in caveolin-1 expression and to impact on ZO-1 and occludin localization in membrane microdomains, suggesting that, during inflammatory conditions, BBB destabilization can occur through inflammatory cytokine-induced reorganization of TJ proteins on the BEC surface [69] .
The endothelial basement membrane and glia limitans formed by BECs and perivascular astrocyte end feet are composed of several extracellular matrix (ECM) components, including fibronectin, different laminin isoforms, collagen type IV, and heparan sulfate proteoglycans [11, 55, 70, 71] . Its dense and compact nature provides the ability to function as a substrate for soluble protein immobilization and cell attachment. The ECM is also an important obstacle to blood cell entry into the CNS parenchyma and is thought to be a crucial structure for cellular differentiation and gene expression induction. BECs constitutively express a number of integrins important for adhesion to the endothelial basal lamina, such as α 1 β 1 , α 3 β 1 , and α 6 β 1 . There are several reports associating integrins with caveolae and lipid rafts [72] . Membrane rafts in ECs are known to be enriched in α 5 β 1 integrin, which binds to ECM components and mediates EC attachment to the basal lamina [56] . In that respect, although the significance of lipid raft-associated integrins remains to be established, our data presented in Fig. 2b suggest that Brij-58-derived lipid rafts from human BECs also contain integrin proteins, such as α 5 , α v , and β 1 but not β 3 integrins. This confirms that distinct BEC membrane rafts are involved in the clustering of TJ, AJ, and specific integrins, which collectively mediate attachment of ECs to adjacent cells and to the vessel wall.
Adhesion rafts
Under physiological conditions, only low number of immune cells continuously cross the BBB and enter the CNS perivascular space in a process called immune surveillance. This process is highly regulated in both leukocytes and ECs and lipid rafts have been associated with all the steps of leukocyte recruitment across the endothelium [73, 74] .
Leukocyte rolling is dependent on selectins and their respective carbohydrate ligands or on α4-integrins, at least in non-CNS organs. Selectin association with lipid rafts is important for selectin-dependent signaling [75, 76] and thus lipid rafts can influence selectin-dependent leukocyte-EC interactions. Although the exact role of endothelial selectindependent outside-in and inside-out intracellular signaling events can influence the migration of some immune cells in peripheral organs, there is still controversy on its role in the CNS [77] [78] [79] [80] [81] .
Lymphocyte and myeloid cell diapedesis across CNS endothelium involves prototypic BBB CAMs such as ICAM-1 and ICAM-2 (for lymphocytes [82, 83] ) and VCAM-1 (for myeloid cells) [84] [85] [86] which are expressed on the cell surface and/or at intercellular junctions and can associate with membrane microdomains (Fig. 2c) [87] [88] [89] . PECAM-1 is also known to act on leukocyte migration but has rather been documented to halt leukocyte emigration, as PECAM-1 knockout animals have enhanced immune cell infiltration into the CNS [90] . ICAM-1 and PECAM-1 are enriched in lipid rafts and signal through lipid raft platforms provided by membrane rafts [58, 91, 92] . The association of CAMs with cholesterol-enriched membrane microdomains is important for optimal signal transduction events during Fig. 2 Representative Western blots of isolated lipid rafts probed for scaffolding, TJ proteins, and adhesion molecules. Lipid rafts were generated with treatment of primary cultures of human BECs with Brij 58 detergent followed by sucrose gradient centrifugation, as described in Wosik et al. [8] Representative raft fraction (R) and detergentsoluble fraction (S) were used to assess the presence of TJ, integrins, and adhesion molecules. The TJ proteins ZO-1, occludin, and JAM-1 (a) are present in the lipid raft fraction, in addition to caveolin-1. b Integrins α 5 and β 1 are readily detected in BEC lipid rafts. Integrin α v is seen at lower levels and integrin β 3 does not seem to be associated with lipid raft under physiological conditions. c The cell adhesion molecules ICAM-1, ALCAM, and MCAM can be detected in lipid raft fractions of BECs under normal culture conditions both transendothelial and transjunctional migration. Accordingly, knockdown of lipid raft-associated protein, caveolin-1, in ECs was shown to inhibit transendothelial leukocyte migration [93] . Recent studies using peripheralderived endothelium and epithelial cultures have identified novel molecules that coordinate leukocyte transmigration, including JAMs, CD44, CD47, CD73 [94] , CD90 [95] , CD137 [96] , CD81 [97] , CD99 [98] , CD99L, and CD166/ ALCAM [99] . Most of these adhesion molecules are enriched in lipid rafts derived from primary cultures of human BECs [99] .
During the final phase of transmigration, complex intracellular signaling events take place in both the leukocyte and the EC to prepare the cells for transmigration/diapedesis. These events are dependent on adhesion molecule signaling and include cytoskeleton remodeling, TJ and AJ disassembly and reassembly, and cell body retraction. Recent data from Greenwood and colleagues Lipid and fatty acid transporters ApoB, ABCA6, PITPNM2, ABCA1 Glycosyl, acetyl, methyl, or nucleoside transferases GGTLA1, MGAT2, UGT2B11, B4GalNac-T3, THUMPD2, MAT1A
Human primary cultures of BECs were grown to confluence and lysed in Brij 58 detergent and cholesterol-enriched membrane microdomains were isolated by sucrose gradient flotation. The raft fraction was subjected to trypsin digestion, separated by liquid chromatography and analyzed by mass spectrometry, as described in Cayrol et al. [99] Apical plasma membrane Scaffolding rafts secure the BECs to their surrounding and include rafts associated with interendothelial cell junction proteins (tight junction and adherens junction) and rafts associated with extracellular matrix attachment proteins. Adhesion rafts include microdomains associated with adhesion molecules found on the BECs and include rafts that would be enriched in proteins mediating interaction with peripheral leukocytes. Not shown in this model are the transporter rafts support the notion that VE-cadherin relocalization in BECs during diapedesis is dependent on ICAM-1 signaling events mediated by possible membrane raft signaling platforms. ICAM-1 signaling led to VE-cadherin phosphorylation and allowed paracellular leukocyte migration [58] . As recently described, a key feature of transendothelial migration (also called emperiopolesis) is the formation of an EC cup-like structure surrounding the migrating leukocytes [40, 43, 73, 74, [100] [101] [102] [103] . According to Carman et al., endothelial membranes positive for caveolin-1 are associated with the transmigrating leukocyte in the transmigration cup, which is dependent on the presence of lipid rafts and their recruitment of CAMs [74, 100] . In this context, lipid rafts are believed to coordinate outside-in signaling in ECs and regulation of actin remodeling by lipid raft-associated small guanosine triphosphatases, such as Rho [104] [105] [106] and Rac [107, 108] , myosin-dependent contractions [109] , and junctional protein regulation [8, 110] . These transendothelial migration events are highly organized around CAMmediated signaling within lipid raft structures and support the concept of functionally distinct endothelial adhesion rafts.
Recently, tetraspanin-enriched membrane microdomains have been suggested to be equally important in acting as adhesion and signaling structures for leukocyte transmigration. Tetraspanins are small proteins (CD9, CD81, and CD151) that can organize as tetraspanin web microdomains (or nanoplatforms) and associate with numerous integral membrane proteins (ICAM-1 and VCAM-1) to provide a scaffold for specific interactions and outside-in signaling induction [42] . The exact differences between lipid rafts and tetraspanin platforms and their contribution during leukocyte migration are under active investigation. Nevertheless, the importance of tetraspanins in leukocyte migration to the brain has been shown by CD81 antibody blockade which inhibits monocyte migration and reduces clinical signs in experimental autoimmune encephalomyelitis (EAE), a validated animal model for MS [97] . Taken together, there is ample evidence to support the concept that lipid rafts and/or tetraspanin platforms contribute to the highly regulated process of immune cell transmigration across BECs.
Transporter Rafts
Transport of nutrients to the CNS is regulated by the expression of specific transporters in BECs. Expression of active transport systems for glucose, amino acids, nucleosides, fatty acids, minerals, vitamins, peptides, proteins, and ions define the prototypic nature and function of the BBB. In our liquid chromatography-mass spectrometry analysis of rafts obtained from primary cultures of human BBB endothelium [99] , several members of the transporter system were identified. Due to the expected high number of false-negative data generated by mass spectrometry, this list can only be considered partial or incomplete but includes many different transporter systems (see Table 1 ). These findings indicate that rafts might also play an active role in trans-BBB trafficking of numerous lipid insoluble molecules.
Conclusion
The presence of DRMs or membrane raft microdomains at the level of BECs appears to play a critical role in BBB function under physiological conditions and during complex cellular interactions. We have presented distinct functions of membrane microdomains in BEC physiology and during immune cell transmigration. We further propose a classification of membrane raft microdomains based on their function in the cells studied. While the proposed classification is not exhaustive, it is useful to identify functionally similar microdomains in heterogeneous populations of lipid rafts (Fig. 3) . At the level of the BBB, we define scaffolding rafts as rafts associated with interendothelial junctions and adhesion of BECs to basal lamina, adhesion rafts as rafts involved in immune cell adhesion to and migration across brain endothelium and transporter rafts as rafts involved in the transendothelial movements of solutes.
